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SUMMARY
Two systems utilizing extracts derived from nuclei of adenovirus-infected cells which synthesize adenovirus DNA in vitro were analysed for indications of ADP-ribosylation of virus proteins. On incubation with [32p]NAD or [I*C]NAD, modification of the adenovirus T antigen could be demonstrated in one of these systems. ADP-ribosylation of adenovirus core proteins V and VII could also be demonstrated with both nuclear extracts. However, using 3-aminobenzamide, a specific inhibitor of poly(ADP-ribose) polymerase, there was no evidence either in vivo or in vitro that ADP-ribosylation played a critical role in the replication process.
A number of reports have suggested that modification of nuclear proteins by ADPribosylation may play a significant role in regulating events such as DNA synthesis and cell differentiation (for review, see Hilz & Stone, 1976) . Thus, a chromatin-associated poly(ADPribose) polymerase can catalyse the transfer of the ADP-ribose moiety of NAD to acceptor proteins and the subsequent elongation of the protein-attached monomer to a polymer (Kawaichi et al., 1980) . The enzyme has been shown to be capable of both auto-modification (Yoshihara et al., 1981 ; Kawaichi et al., 1981) and modification of histones H1, H2a, H2b and H3 in vitro (Jump et al., 1980; K awaichi et al., 1980) and H 1 in vivo (Ueda et al., 1975; Adamietz et al., 1978) . It has also been implicated in cellular recovery from DNA damage (Durkacz et al., 1980; Durkacz et al., 1981 a, b; Sims et al., 1982) and may regulate DNA ligase activity (Creissen & Shall, 1982) as well as participating in shut-down of scheduled DNA synthesis after DNA damage (Edwards & Taylor, 1980) .
We have made use of two systems capable of synthesizing adenovirus DNA in vitro to examine the possibility that ADP-ribosylation may play a role in adenovirus replication and studied the effects of 3-aminobenzamide, a specific inhibitor of poly(ADP-ribose) polymerase (PurneU & Whish, 1980; Durkacz et al., 1980) . The adenovirus type 5 genome consists of a linear double-stranded DNA molecule of about 35000 base pairs closely associated with two major core proteins, V and VII, surrounded by an outer icosahedral protein capsid. The DNA has an inverted terminal repetition of 103 base pairs and a protein of molecular weight 55000 (55K) covalently linked to the 5' terminal dC residue. DNA replication proceeds via a displacement mechanism with an early event in the initiation of replication being the attachment of an 80K to 90K pre-terminal protein (pTP) to a dCTP residue to form a pTP-dCMP complex (Lichy et al., 1981) .
A variety of in vitro systems synthesizing adenovirus DNA have been described. The $200 system of Shaw et al. (1979) is capable of elongating adenovirus DNA from an endogenous template previously initiated in vivo. In contrast, the system described by Challberg & Kelly (1979) (the CK system) appears to be capable of both initiation and elongation from an exogenously added template of adenovirus DNA with the 55K terminal protein attached, with little endogenous DNA synthesis. The latter system very closely mimics the replication pattern seen in vivo. We have also found that adenovirus cores, comprising virus DNA and core proteins, prepared by disrupting purified virus with sodium deoxycholate (DOC) and heat followed by centrifugation on a glycerol gradient (Russell et al., 1971 ) are effective as a template for replication with the CK system (C. R. Goding & W. C. Russell, unpublished results) .
In this communication, we demonstrate that the 56000 dalton adenovirus T antigen is ADPribosylated in the $200 system and that polypeptides V, VII (and pVII) but not polypeptide IVa2, of the virus core can be modified in both the CK and $200 systems. 3-Aminobenzamide did not affect several events in virus replication either in vivo or in vitro.
0022-1317/83/0000-5354 $02.00© 1983 SGM The $200 extract was isolated from adenovirus type 5-infected HeLa cells by suspending nuclei in a buffer containing 200 mM-ammonium sulphate for 2 min at 37 °C followed by centrifugation at 10000g for 10 min. The nuclear pellet contained all detectable host chromatin and histories whereas the soluble supernatant fraction ($200) contained adenovirus DNA and associated proteins and possessed endogenous DNA synthetic activity (Shaw et al., 1979) . Poly(ADP-ribose) polymerase activity was assayed in the $200 extracts from infected and uninfected cell nuclei by incubation with an equal volume of a buffer containing 50 mM-Tris-HC1 pH 7-5, 10 mM-MgC12, 20 mM-KC1, 2 mM-fl-mercaptoethanol and 0-5 ~tCi [14C]NAD (300 mCi/mmol; Amersham International) for 30 min at 37 °C, followed by denaturation in an equal volume of 2~ SDS, 8 M-urea and 140 mM-fl-mercaptoethanol and heating at 100 °C for 2 rain. Subsequent analysis by SDS-PAGE (polyacrylamide gel electrophoresis) and autoradiography (Russell & Blair, 1977) revealed a 110K to 120K labelled species present in extracts from both infected and uninfected nuclei and two bands of 56K and 72K, present only in extracts from infected celt nuclei (Fig. 1 ). These labelled bands were sensitive to Pronase but insensitive to micrococcal nuclease ( Fig. 1) and to mild alkali (data not shown). In several experiments, a ladder of labelled species was evident (see Fig. 2 ) These were sensitive to snake venom phosphodiesterase but insensitive to Pronase or micrococcal nuclease and apparently reflected the presence of varying lengths of free ADP-ribose polymers.
The 110K to 120K species presumably corresponded to the auto-modified poly(ADP-ribose) polymerase. In an attempt to identify the 56K and 72K proteins in the infected extract, [14C]NAD-labelled $200 extracts were immunoprecipitated with adenovirus type 5 HT14b hamster tumour serum (Williams, 1973) followed by SDS-PAGE and autoradiography. Fig. 1 (b) shows that a polypeptide of approximate tool. wt. 56K characteristic of an adenovirus T antigen (Levinson & Levine, 1977) was specifically precipitated from the infected cell nuclear extracts. The 72K protein could not be precipitated with either adenovirus hamster tumour serum or with a rabbit P antiserum which readily immunoprecipitates the 72K adenovirus DNA-binding protein (Russell & Skehel, 1972) . It is possible that this labelled 72K protein represents a degradation product of the auto-modified enzyme (Jongstra-Bilen et al., 1981) .
The nature of the radioactivity associated with 56K and 72K proteins was more closely examined by recovering the labelled bands from the polyacrylamide gel by elution with 20 mMTris-HC1 pH 7.5, 0.2 ~ SDS, precipitating and washing with cold acetone-acetic acid (99:1 by vol.) and lyophilizing before digestion with snake venom phosphodiesterase (Sigma) at 1 mg/ml for 60 rain at 37 °C and analysis by thin-layer chromatography on PEI-cellulose (Stone et al., 1977) . The relative quantities of 14C-labelled AMP and phosphoribosyl-AMP migrating together with appropriate markers, determined from a number of experiments, confirmed that the label was retained in ADP-ribose and were consistent with an ADP-ribose chain length of about 5 to 10 (data not shown).
The CK system was derived from nuclei isolated from HeLa cells infected in suspension and in which DNA synthesis was blocked by addition of hydroxyurea to 10 mM. The cells were harvested 19 to 21 h after infection, the nuclei isolated by Dounce homogenization and, after freezing in liquid nitrogen and thawing, the nuclei were extracted with 100 mM-NaC1 for 1 h at 4 °C before being removed by centrifugation. The supernatant (the CK extract) was capable of the initiation of adenovirus replication in vitro (Challberg & Kelly, 1979) .
Incubation of CK extracts from both infected and uninfected cell nuclei with [32p]NAD (10 Ci/mmol; Amersham International) or [14C]NAD and analysis by SDS-PAGE and autoradiography revealed in the majority of experiments only the 11 OK to 120K auto-modified poly(ADP-ribose) polymerase (Fig. 2) . Using some extracts, however, several additional bands were evident, including two with approximate mol. wt. 58K and 72K (Fig. 1 c) . Attempts to immunoprecipitate any labelled species from the CK extract, using T or P sera, failed to reveal any labelled T antigen or any other virus polypeptides in several experiments. It therefore seems likely that many of the labelled products in these CK extracts were derived by proteolytic cleavage of the 110K to 120K auto-modified enzyme.
Since DNA synthesis in the CK system, in contrast to the $200 extract, required the addition of a DNA template the effect of adding virus DNA or DNA-protein complex was also assessed. Russell et al. (1981) prior to analysis by SDS-PAGE and autoradiography; lane 2, as for lane 1 but immunoprecipitated with normal hamster serum. (c) CK extracts from infected cells labelled as described for samples shown in (a). Lane 1, sample labelled in the presence of 5 mM-3-aminobenzamide; lane 2, sample labelled in the presence of 100 ng added adenovirus 5 DNA; lane 3, no DNA or inhibitor added to sample; lane 4, sample labelled in the presence of 100 ng added adenovirus 5 DNA and 5 mM-3-aminobenzamide. Molecular weights were assessed relative to the mobilities of marker iodinated purified adenovirus type 5 structural polypeptides (Rekosh et al., 1977) : proteins II, III, IIIa, IV and V have apparent molecular weights of 120K, 85K, 68K, 62K and 49K respectively.
Although no significant difference in the labelling pattern was observed the addition of D N A markedly stimulated overall labelling ( Fig. 1 c) , reflecting the absolute requirement of the poly(ADP-ribose) polymerase for D N A (Ohgushi et al., 1980; Petzold et al., 1981) . However, using a template of adenovirus cores significant and reproducible labelling of polypeptide V and, using some preparations of cores, also polypeptide VII (and pVII) could be demonstrated using both infected and uninfected CK extracts ( Fig. 2b and c) . Labelling of V and VII could also be shown by addition of cores to $200 extracts (Fig. 2 d) . Fractions from a glycerol gradient of DOC-disrupted and heat-disrupted purified virus were analysed by S D S -P A G E followed by electrophoretic transfer of the separated proteins to nitrocellulose and hybridization of nicktranslated D N A to the transferred proteins and autoradiography (Russell & Precious, 1982) . This demonstrated that in addition to the proteins V, VII (and pVII), polypeptide IVa2 was also specifically associated with the core fractions (Fig. 2 a) . When the fractions from such a glycerol gradient were incubated with CK extracts in the presence of [32p]NAD, polypeptide V was labelled in the core-containing fractions. The fractions from the top of the glycerol gradient, containing the other structural polypeptides, did not label and neither did the core-associated .
(a) (b) polypeptide IVa2. Some stimulation of auto-modification of the enzyme was a p p a r e n t in the top fractions, possibly due to the presence of the detergent used to disrupt the virus. The results presented above have shown that ADP-ribosylation of endogenous and exogenous proteins can occur in extracts derived from nuclei of both infected and uninfected HeLa cells and that adenovirus 56K T antigen is clearly ADP-ribosylated in the $200 but not the C K system. This difference may reflect the more vigorous extraction procedure used for the $200 extract and the fact that replicating adenovirus D N A is present in the $200 extract but absent from the C K extract. Jump et al. (1980) have reported the failure of purified poly(ADP-ribose) polymerase to modify histones unless they are incorporated into some form of chromatin structure. It is possible therefore that T antigen in the $200 extracts was present in a form still capable of modification, possibly associated with the endogenous adenovirus D N A replication complexes, but that in the C K extracts, if it had been released from the nuclei by the relatively gentle extraction procedure, it did not have the conformation, acceptable to the poly(ADPribose) polymerase, to allow modification. Whether this modification is a prerequisite for functional activity of the T antigen or is merely an artefact cannot of course be decided by this approach alone.
A similar modification of the SV40 large T antigen (but no small T antigen) has been reported by Goldman et al. (1981) who have shown that T antigen is ADP-ribosylated both in vivo and in vitro and it has been suggested that the modification may be related to the regulation of biological functions under the control of this protein. This suggestion was based on the observation that SV40 large T antigen is a DNA-binding protein intimately involved in virus DNA replication and that modification might affect the binding capacity of the antigen.
In an attempt to relate ADP-ribosylation to some functional aspects of virus infection use has been made of 3-aminobenzamide, an analogue of nicotinamide which apparently acts as a specific competitive inhibitor of ADP-ribosylation (Purnell & Whish, 1980; Durkacz et al., 1980) . The compound has been shown to inhibit rejoining of DNA strand breaks in mouse lymphoblastoid cells (Durkacz et al., 1980 (Durkacz et al., , 1981 and to induce sister chromatid exchange in Chinese hamster ovary cells (Oikawa et al., 1980) . When this compound was added to the CK extracts at a concentration of 5 mM, there was apparently complete inhibition of ADP-ribosylation as measured by [14C]NAD labelling and analysis by SD~PAGE and autoradiography (Fig. 1 c) , although addition of DNA partially reversed this effect, as indicated by the partial restoration of auto-modification of the 110K to 120K enzyme. This observation suggested that there was competition between the inhibitor and the DNA for the enzyme or that there was a significant excess of free enzyme. The effect of the inhibitor on replication in vitro was assessed by determining the incorporation of ~-32p-labelled deoxynucleoside triphosphates (dNTPs) into acid-insoluble material in the presence and absence of 3-aminobenzamide. No significant difference was apparent in the $200 system and somewhat variable results were obtained using the CK extracts (data not shown). A more sensitive method of examining the effect on DNA synthesis in the CK system was made by using a template of adenovirus DNA-protein complex pre-digested with XbaI restriction enzyme and analysing the labelled products by SDS-agarose gel electrophoresis. Incorporation of e_32p_ labelled dNTPs into the terminal restriction fragments with this system is indicative of replicative synthesis while incorporation into internal fragments is characteristic of repair-type synthesis (Goding, 1982) . It was apparent that the inhibitor had no detectable effect on either replicative or repair-type synthesis (data not shown) and similarly it had no effect on formation of the pTP-dCMP complex, an early event in the initiation of replication (Lichy et al., 1981 ; Pincus et al., 1981) . 3-Aminobenzamide also failed to inhibit a variety of other aspects of virus infection, e.g. plaquing efficiency, production of late virus antigens, assembly of virus or viral shutdown of cellular DNA synthesis (data not shown).
From the above results, it seems evident that ADP-ribosylation of proteins does not play a vital role in adenovirus infection although it is important to point out that there is no unambiguous positive control available in this in vivo system to test the efficacy of the inhibitor. Thus, intracellular NAD pools, the apparent dependence of the enzyme on nicked DNA, the competitive nature of the inhibitor as well as lack of knowledge of its effective intracellular concentration could all account for the negative results.
The observation that core proteins V, VII (and pVII) but not IVa2, were modified is intriguing, particularly in view of the information available on the ADP-ribosylation of histones, which bear many similarities to the virus core proteins (Russell et al., 1968) . One recent report convincingly demonstrated that ADP-ribosylation of nucleosomes caused a significant relaxation in their structure and that the major acceptor protein was histone H1 (Poirier et al., 1982) . Furthermore, Burzio et al. (1980) showed that ADP-ribosylated H1 had a reduced affinity for DNA. It does not seem unreasonable, therefore, to speculate that ADP-ribosylation of adenovirus core proteins may be important in relaxing the core structure in vivo and possibly releasing protein from the virus DNA, facilitating early transcription and DNA replication. The validity of these speculations, however, must await the development of better characterized in vitro systems where the structural-functional relationships can be more adequately assessed.
C. R. Goding and C. H. Shaw were recipients of M.R.C. Research Studentships. We thank Professor S. Shall of the University of Sussex for a gift of 3-aminobenzamide.
